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SUMMARY -

Tests to determine the effect of heat on the pressure drop
through radiator tubed were made to esteblish the adequacy of
previously developed theory.. Tuhea of various length-diemeter
ratios typicel of those In current practice were itested through a
wide range of heat-input rate. The tube entrance Mach number was
varied from 0.12 to the value for choking at which scnic velocity
was attalned at the tube exits. At usual radiator operating
temperatures and Mach numbers the addition of heat produced large
increases in the pressure drops required to induce given flowa of
cooling air through the tubes. These increments in pressure drop
were in good agreemernt with Increments obtained from theoretical
calculations of the heating effect. For very high ‘tube temper-
atures corresponding to high rates of heat input the experimental
pressure-drop increments for tubes of large length-diemeter ratios
exceeded the theoretical valuee by an appreciable amount in the
vicinity of the chokipg Mach numbers. The experimental choking
Mach numbers, however, agreed with the values predicted by theory
for all tubes tested.

" INTRODUGTION

A problem in the design of cooling systéms for modern high-
performance alrplanes is the prediction of the pressure drops
required across tubuler radiators to induce the necessary mass
flows of cooling air. The primary effect of" heating & radiator
tube is known to be an increase in the pressure 4rop required to
force a given mass of cooling air through ‘the tube.

In reference 1 a simplified theoretical method of evaluating
the required pressure drop across & heated rediator is presented
in the form of curves from which the pressure drop can be obtained
if the radlator dimenuions, the rate of heat input, the pressure
and temperature shead of the radietor, and the required rate of
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mags flow of ailr through the radiator are known. The theoretical
pressure-drop characteristics given in reference 1 show the
compressibility effecte present at high Mach numbers as well as

the heating effects and were in excellent agreement with experimental
cheracteristics for unheated radlator tubes. -No comparable experi-
mental date were available for heated tubes. The existing date on
the heating effect were generally limited. to.low tube Mach numbers
and In many cases the heating effect could not be lsolated becausee

of the existence of other variables. (Ses references 2 and 3.)

The purpose of the present Investlgation is to determine
experimentally the pressure-~drop. characteristics of heated radiator
tubes in order to establish the adequacy of the theory of reference 1
for uee in predicting the effects of heating. Tubes of several
length -dlemeter ratios typical of those in present uss Ffor alrplene
rediaters wore vested. For each tube the mass flow was varied. from
e minimm. value corresponding to an entrance Mach number of. ebout
0.12 to the meximum velue that could be obtalned corrsspouding to
the .choked condition. in which sonic velocity.is reached at the
tube exit. . The heat input was varied from low valuses to values
corresponding to tube tempersatures appreclably higher than the
.temperatures at which airpleane radiators are usually operated..

. For ease of camparison the same symhols and radiator tube
stationg are used herein as were used in reference l.

L4

SYMBOLS .
A, . cross-sectional area of radiétor tube, Bguare feet
‘& velocity of sound in air, feet per second
. .. Dp
CDf skin-friction dreg coefficilént
.’ : specific heat of air at constant pressure, ‘Btu per pound .

per °F (0.24)

Dp ,drag force due to skin friction, pounds ?,
a radiator-tube diameter, feet - '
'g ' accelgration of gr&vit&,,feet per Eebond pbr gecond i e

'H  heat added in rediator, Btu per second

&
Y. ) r - L
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length of radistor tube, feet

M Mach number (v/a)

m mags—flow rate, slugs per second (pAv)

he) ' static pressure, pounds per square foot

Ap total pressurs at station 2 minus staxic'preséure st station

r3s pounds per square foot

dynamic pressurs, pounds per square foot (%pv%).

R Reynélds nimber <f%§.or ma
\E L B
S area of insglde surface of redlator tube, square feet
T . free—stream alr temperature, °F absolute
v velocity in rediator tube, feet per second
o ' density, slugs per cubic foot "
K viscoslty of air, pound-seconds per mquare qut
¥y " ratio of specific heat of alr at constant pressure to
gpecific heat of air at constant volume (1.h4)
Subscripts
1 low speed, condition for incoméressiblé uwnheated flow
2 gtation shead of radiator
Ty within radiator at'tube entrancés .
r3 within redilator at tube exits

TEST A?PARATUE

A sketch of the test setup is shown as figure 1. Air from
the compressor flowed into the supply tank where any condensed
moisture settled out. The alr then passed through s steam
radiator and two pressure-~regulator valves into a surge tank,
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the volums of which was approximately 3.5 cubic feet. A 100~mesh
soreen was installed in the surge tank. Air from the surge tank
entered the redlator tube through a bell-mouth entrance and exhausted
out of the rear of the tube to the atmosphere, The rate of sir flow
through the radiator tube was controlled by varylng the pressure in
the surge tank, The alr in the surge tank was maintained at the
desired preassure by use of the two pressure—regulator valves, The
temperature of the alr could be raised by the steam radistor to a
value high enough to prevent condensation of molsture in the expansion
occurring at the tube entrance.

Tu'bes of approximately 6~, 12~, 18-, and 2h-inch lengths having
length-diameter ratios of 29.25, 58.50, 87.75, and 117.00, respectively,
were tested. The tubes were mads from O,250-inch Inconel tubing which
was reamed and polished to a constant inslde diemeter of 0.205 inch.
Inconel was used beceuse of its high electrical resistivity since the
tubes were heated by passing an electrlec current through them.

This method of hesting gives an approximately constant rate of hest
input per wmit length of tube., The electrical clrcuit is shown in
flgure 1. The power was supplied by a bank of storage batteries, and
the flow of current was regulated by means of a slide—srire rheostat.
The power input was measured with an emmeter in series with the tube
and a voltmeter which measured the volta.ge drop across the tube.

Thermocouples were silver soldered on the tubes at the approxi—-
mate locations shown in figure 1. Stagnstion tempersture shead of
the tube wes measured by means of a thermocouple installed in the
surge tank. Static-pressure tubes were Installed In the surge tank
end bell-mouth throat (fig. 2).

The radlator tube was lnsulated thermslly from the surge tank
with an asbestos gasket, (See fig. 2.) A plywood shield was
Installed completely around the tube, as shown in figure 1, to
provide a dead-eair space and to prevent drafts from affecting the
temperature of the tube., A thermocouple installed on the sghleld waa
used in conjunction with the three tube thermocouples to messure the
heat losses during the tests.

TEST METHOD

Each of the bell-mouth entrances to the radiator tubes was
callbrated for the unheated condition so that the actual mass flow
could be determined from the pressure and temperature measurements at
the tube entrance in the surge tank. The calibration was made in the
following manmer: The supply tank was £illed with air to & pressure
of approximately 150 pounds per square inch and the pressure and
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temperature of the alr in the supply tank were recorded. Alr was
then allowed to flow through the supply line, into the surge bank
which was held at constant pressure by the regulator-valyes, and
through the radiator tube -into: the atmosphere. While alxr-was
flowing through the tube, the pressures at gtatidns. 2:and . r, and

the temperature et station 2 were recorded. . Afteyr the -air pressure
in the supply tank dropped to approximataly 50 pounds per square '
inch, the flow.of alr was stopped. The total time that the alr had
been flowing was measured and recorded and the pressure and temper—
abure of the alr in the supply tank were agsln recorded. Since the
volume of the tank was known, -the amount of eir that flowed out of
the supply tenk could be computed. This procedure was repeated for
various pressure drops across the tube over its test renge. The

. mass flow wes computed from the pressures.mensured at stations 2

.. and Tps ‘the - temperature at station 2;- and the arsa of the tube.

e .

. The" calibration constant or ratio of actual mass flow to ‘calculated

. mass flow, was found to Vary between 0. 97 anﬂ 100 for'ﬁhe varicus
mmrmme& . . _ . . s

A calilbratlon of the heat losses for various operating tube

temperatures was made as followb Varlous amounts of power were
put into the tube and the stebilized tube and shield temperatures
wers measured with no alr flowing through the tube. The average
tube tempsrature minus the sghield temperature was then used as an
index of the heat loss. During the tests 1t was assumed that
with air flowing through the radiator tube, a given average tube
temperatvrs minus shield temperature indiceted the same loss as that
obtained with the no—flow condition, These losses were subtracted
. from the total hest input to the tube to get the actual heat lnput
into the alr. Altlough air flowing .through the tube changed the
. tempsrature distribution along the tube, the error occurring Iin the
: use of.the average tibe temperature to determine the heat losses was
stall and therefore was neglected. The losses for the tubes tested
varied from approximately 2 pesrcent to approximstely 25 percent of
the totel power input depending upon the length of the tube, the
entrance Mach number, and the rate of heat input. The highest
percentage logs occurred for the ghortest tube at low Mach numbers.
With increasing Mach number and increasing tube length the heat loss
decreased rapidly, and in all cases the loss wag relatively small
near choking conditions o

Proliminary calculations ghowed that the alr would reach the
gaturation condition In the tiubs entrances at the higher Mach numbers.
In order to prevent this condition it waes declded to heat the entering
aglr. A small tubular radlstor was designed and constructed for this
‘«purpose and steam was used as the heating medium. Preliminary check
tests wore made with and without’ heating to determine the effect ot

:
¥ .

-
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condensation. Test conditions were chosen for which saturation
temperatures would be encountered if the alr were not heated. The
resultes indicated that the tube pressure drop for a given Mach number
was the same regardless of whether preheating was used. A similar
result was obtained in the inveetigation in reference 4. The data
shown in the present paper were obtained without preheating the air.
Inlet-air temperatures averaged sbout €0° F.

RESULTS AND DISCUSSION

Evaluation of Apy .- The effeots of heating and compressibillity

on the pressure drop through tubes can be convenlently expressed in
terms of the ratio of the actual pressure drop for a given operating
condition Ap to the "incompressible" pressure drop &py which

would exist if no heating or compressibility effects were present.
(See reference 1.) The vaelue of Ap; 18 easily computed 1f L/d

end the Reynolds number for the tube are known. Equation (2a) of
reference 1 gives the following expression for Apy

1l m
()6 o) w

In equation (1) the dreg coefficient of the tube ch depends only
i

on L/4d eand the known Reynclds number and can be obtained directly
from figure 2 of reference 1. The mass flow m and the density oo
are known for the operating condition under consideration. After Apy

is calculated by this method, the actual pressure drop Ap cen be
determined if the ratio Ap/Api is known. Reference 1 shows that

Op/tpy  for a given tube is & function of only the entrance Mach number
Mr2 and the heat-input factor . The results of the present

Cp&ilry
tosts are therefore given as plots of Ap/Api against Mach number
B
for various values of .
Mre cpngrE .

The computetion of Ap; was essential in the reduction of the
data to the form Ap/Apy. The value of Ap; could have been computed

from the equation Jjuet given by use of values of CDf obtained from
i
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figure 2 of reference l. It was congidered more accurate, however,
to base the calculation cn values of CD actually measured for

the tubes tested. Tests without heat were therefore made for the
same range of test Mach nunber for whlch tesis were leter made
with heatks. 'I‘he value of CDf wae obtained. from measurements of

the msss flow and pressure dro:p by means of the following relation .
from reference 1:

=114 2 23
Cpe, 77 ) 0r2 * @41,5 (2)

The entrance Mach number in equa.tion (2) was o'bta.ined. i’rom the
known mass flow, temperature, and pressure D, , 88 ghown in

’reference 1. The deneity ratio Py / P.. needed, for solution of
T2

' this equa.tion was obtained from simultaneous solution- of the energy
equation for an unheated tube

v . v. '
r2 . 7PI‘2 _ f§ + 4 Pr3 . ( )
2. y-1f, .2 .7-'-191-3 3

the continulty relation

fro'we T Pr3’rs

end the expressiocn for thé velocify of sound
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For 7 = 1.k, the solution for pr3/pr2' is

p : | : o, 2 :
r3 _ ' - ° =
" Aol ] T 2)

(k)

The quentity M, .in equation (&) was obtained from the measured
2 . ) L. .

entrance conditions; Pr2 and Pr3 were measured dlirectly.

Tubes with smooth entrances.- Values of CDf were first
i

established for tubes of various length which had round smooth
entrances (fig. 3). Extensive laminar flow existed. This condition
ie most apparent for the shorter tubes in which a larger fraction of
the tube length was subjectsd to laminar flow. At Reynolds numbers
above approximately L0,000 and 22,000 for the tubes for which

g-c 29.25 and i—‘ & 58.50, respectively, the point of transition
from laminar to turbulent flow moved toward the tube entrance as the
Reynolds number was further increased. At the highest test Reynolds
number (epproximetely 100,000) the experimental curves approach the
curves for completely turbulent flow determined from the equation

4y, _-0.2
Cp. = 0.0785 —R 2 (5)

The entrance Mach number was almost the same at a glven Reynolds
number for both the shorter tubes for Reynolds numbers up to about

60,000 at which cholking begins in the tube for which g- 58,50

Thus, the critical Reynolde numbers shown are believed to be not
influenced by Mach number.

A comparison between experimental and theoretical static-pressure~
drop ratios for given heat-input factors is presented in figure 4 for

the smooth-entrance tube for which %- 29.25 with laminar flow
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pressent. At zero heat input the theoretical results were expected
to agree with the experimental results because the drag ccefficlent
CDf was computed from date obtained for the unheated condition as

i
previously discussed. Wheén heat is added to the tube, however,
large deviations occur between the theoretical and experimental
results. For the heated conditvion fluctuating data were obtained
which could not be duplicated in repeat tests. The addition of heat
at a fixed entrance Mach number and Reynolds number apparently caused
the point of transition from laminar to turbulent flow to shift toward
the tube entrance, and thus to increase the friction and heat-transfer
coefficients.  This result was indicated not only by the fact that the
pressure-drop ratios (fig. 4) are higher then those predicted by the
theory (which assumes no change in skin-friction coefficlent) but also
by fluctuatione in the tube temperature for a given heat input, lower
temperatures occurring for the higher pressure drops. Since the |
assumption was made in reference 1 thet addition of heat has no effect
on the friction coefficient, the results of tests in which the friction
‘coefficient is changed by the addition of heat should not be expected
to agree with the theory. .. .

Tubes with trenSition fived.~ In an actual eirplene radiator the
tube entrances are usually sharp edge and are rough enough to cause
turbulent flow to exist for the entire length of the radiator tubes.
In order to simulate this actual operating condition and to avoid the
difficulties arising from the action of heating on the laminar flow
the polnt of transition was fixed in the entrénce of the tubes tested
by & ring of commercial iron cement (Smooth=-On No. 1) & few thousandths
of an inch thick and approximastely 1/32 inch wide. (See fig. 2.) The
‘rest of the date and figures given herein are for this fixed-transition
-condition. :

The relationship betwsen CDf and Reynolds number was established
i

for the tubes with the tramsition fixed in the entrance in the same
manner as that described for the tubes with smooth entrance. Slightly
higher dreg cocefflcients were obtained (fig. 5) than were predicted by
the empirical relation for purely turbulent flow.  The data in Pigure 5
were used to compute the values of 4p;  used in reducing the test datae
to the form Ap/Ap, « :

In figure 6 the veriation of Ap/Api with heat;input factor is
Eresented for various entrance Mach numbers. for the shortest tube

L . .
I =_29.2%). The effect of the addition of heat is very great and

becomes particularly pronocunced at the higher entrance Mach numbers.
The critical pressure-drop-ratio line (sonic velocity attained at the
tube exit) shows thet the choking entrance Mach number is considerably
reduced by the addition of heat. '
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A comparison between experimental and theoretical static pressure—
drop ratios i@ presented for various heat-—input factord and length-~

dismeter ratios in figure 7. For the short tube % = 29.25]1 good

agreement is npted for all values of heat-lnput factor obtained

(figs. 7(a) to T(e)). With increasing length-diemeter ratio:and
increasing heat—input factors the dlscrepancy between the thecoretical
and experimental vaeluss becomes larger The dlscrepency also becomes
more pronounced as the entrance Mach numbers are increased toward
their choking velues. - The choking Mach numbers indicated in the tests
wore in good agreement with the - theoretically predicted choking Mach
numbers. .

The dlscrepancy between theory and experiment at conditions of
high heat-input rate for Mach numbers newar choking is believed to be
© due to a simplifying approximation mede in the theory. This approxi-
metion involved the assumption that the theoretical relation between
the friction Pactor CDg/gD and density ratio Py, [P 3,

relation which was known exactly only for the umheated condition,
could be used also for the heated condlitlon. As pointed ocut in
reference 1, thils assumption will result in negliglble error except
for extremely hilgh heat-input rates or for Mach numbera near choking.
The magnitude of the error involved wae evaluated for a flow condltion
at hlgh heab- input and :high Mach number by computing the pressure
drop by means of s step-by-—atep integration process along the tube,
vhich eliminated the necessity for making the aforementioned approxi-
mation,  The result obtained was in close agreement with experimental
regults, , The .discrepancies noted in filgure 7 for the extreme flow
condltions are thus attributable to the assumpiion masde regerding
the friction factor in the theory. As e corollary, the other
important asssumptions made in the theory appear to be Justified. Of-
particuler interest 1s.the assiinption that the wvelocity profile at
any glven station in the tube is not altered by the addition of heat.
The results Just described indicate that this assumption is corvect
vhen the tube flow ls entirely turbulent. When appreciable laminar
flow wag present, however, the addition of heat had a marked effect
on the flow -atability end velocity profile, which tended to move the
point of transition from laminar to turbulent flow forward towards
the tube entrance, as previously described.

In the present tests heat was added to the tubes at a constant
rate per unlt-length of tube., In an actual radiator Installation
heat 1s not added in this manner but more nsarly at a constant tube—
wall “temperature, An investlgation to determine the difference in

obtained from the two methods of edding heat disclosed that
for tﬁe worst condition for which data are presented (the tube for
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which = 29,25 and heat-~input factor = 0f3)3 the diffe;eﬂ@e in
" Ap/Ap; was less than 2 percent of the value obtained for wniform

addition of heat. : o P

e

At entrance Mach numbers below the value at which choking begins,
the difference between the theoretical and expsrimental results 1s
gmall even for high heat inputs and long tubes. An example is glven
in reference 1 for an airplane radlator in current use. TFor thils
example, at sea level (meximum Mr2 = 0.198 and heat—input

factor = 0.074) the difference between the theoretical and, experi-~
mental resulte ls less than 2 percent of the theoretlcal prediction
of Ap/Apy. At en altitude of 30,000 feet (maximum Mre_ = 0.165

and. heat—input factor = 0.314) the difference is less than 3 percent
of the valus of Ap/Api predicted by theory. It thus appears that

for typlcal present—day pfactioal'applications the theoretical curves
of reference -l may be used dlrectly to obtain the effects of heat and
compresslbility on the pressure drop in tubular radiators.

CONCLUDING REMARKS

Tests to determine the effect of heat on pressure drop through
radiator tubes were mads to establlsh the adequacy of previously
developed theory. The primary effect of heating in radlator tubes
is8 to cause & large increase in the pressure drop required to produce
a glven cooling-air flow. The choking or limiting entrance Mach
number is reduced as heat iz added. The capacity of the simplified
theory to predict these effects with satisfactory accuracy for tube
dimensions and heat-inpubt rates encountered in present-day practice
is established by the present test results. For heat-linput rates
beyond current practice the experimental pressure requirements
exceeded the theoreticsl predictions by an amount which increased
with an increase in the tube length-—dlameter ratlo, the hsat~Iinput
rate, and the entrance Mach number. The experimental choking Mach
nunbers, however, were in good agreemsnt with those predicted by
the thsory for even the highest heat—input retes.

The fact that heating causes changes of the veloclty proflle was
indicated at the lower Reynolds numbers when an appreclable length of
leminar flow existed in the forward end of the tubes with smooth rounded
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entrances. When the flow Ithrough the entire length of the tubes wasg
turbulent, the results indicated thet the veloclty profile was not
altered by 'bhe _addition of heat,

Langley Memorial Aeronautical La'boratory
National.Advisory Committee for Aeronautics
Lengley Field, Va., July 10, 1946
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